SecA is an ATP-driven motor for Sec translocase that participates in bacterial protein export and thylakoidal import in plants. We have reported that Cyanidioschyzon merolae, a unicellular red alga, possesses a nuclearencoded secA(nuc) and a plastid-encoded secA(pt) gene. In this study we found that the amount of SecA(nuc) protein almost quadrupled at high temperature, whereas that of the SecA(pt) protein increased far less. We were also able to determine the localization of both SecAs to the chloroplast by immunofluorescence and immunoelectron microscopy. We suggest that SecA(nuc) has an important role in the chloroplast at high temperatures.
SecA ATPase is one of the main components of Sec translocase, a well-studied protein transport mechanism. It does not participate in protein translocation into the endoplasmic reticulum, 1) but it has essential or important roles in protein export in bacteria and in the translocation of proteins into the thylakoid membranes and lumen in plants. 2, 3) SecA couples ATP hydrolysis to stepwise translocation of pre-protein through SecYE(G), a highly conserved protein-conducting channel. 4) Very recently, two nuclear-encoded secA-homologous genes were identified in Arabidopsis thaliana, and their products were reported to have distinct functions. 5) Two secA-homologous genes have also been identified in other plants. Complete genome sequences have revealed that the unicellular green alga Clamydomonas reinhardtii, the marine diatom Phaeodactylum tricornutum, and the unicellular red alga Cyanidioschyzon merolae possess two secA-homologous genes. [6] [7] [8] [9] [10] In both P. tricornutum and C. merolae, the two secA-homologous genes are encoded in the cell nucleus and the plastid genome respectively. C. merolae lives in acidic hot water at about 45 C. We have focused on the two secAhomologous genes of C. merolae, and have reported that they are not closely related phylogenetically, and that the ATPase activities of the products show distinct temperature dependences. 11) To distinguish between the two products, we refer to the product of the nuclearencoded secA-homologous gene (C. merolae genome project ID, CMQ393C) as SecA(nuc), and to that of the plastid-encoded secA-homologous gene (Genome project ID, CMV071C) as SecA(pt). SecA(pt) shows high ATPase activity at low temperatures (below 40 C), but it shows less activity at high temperatures (above 40 C). The ATPase activity of SecA(nuc) increases gradually as temperature rises, and is maximal at 55 C. Although the data we obtained are fundamental in explaining the functions of the two secA genes, determination of variations in the expression of the SecA(nuc) and SecA(pt) proteins with shifts in temperature and their subcellular localization is required for full understanding. In this study, we prepared antibodies against SecA(nuc) and SecA(pt). We found that the amount of SecA(nuc) increased dramatically at high temperatures, whereas that of SecA(pt) rose only slightly. We determined the localization of the two SecA proteins in the chloroplast by immunofluorescence and immunoelectron microscopy.
Antisera to SecA(nuc) or SecA(pt) were produced by Protein Purify Co., Ltd. (Isezaki, Japan). We searched for unique sequences in each SecA by aligning SecA(nuc) and SecA(pt), and found two sequences that were predicted to be on the surfaces of the proteins by homology modeling. 12) Peptides NH 2 -CRNTVYSFFK-YSPGPT-COOH for SecA(nuc) and NH 2 -CGPTKGS-EKPYK-COOH for SecA(pt) were synthesized. Rabbits were immunized with the synthesized peptides, and antisera were prepared from 4-week immunized rabbits. Polyclonal antibodies against SecA(nuc) and SecA(pt) were affinity-purified from the antisera using the peptides as bait.
To confirm that these antibodies can distinguish between SecA(nuc) and SecA(pt), purified SecA proteins were probed with the antibodies in Western analyses. SecA(nuc) and SecA(pt) were affinity-purified as Hig-tagged recombinant proteins. The secA(nuc) and the secA(pt) gene were cloned into pET-15b (Novagen, Madison, Wl, USA) and pColdI vector (Takara Bio, Otsu, Japan) respectively, and were overexpressed in E. coli BL21(DE3)pLysS. We prepared crude lysate from the E. coli cells and purified the Hig-tagged SecA proteins using an Ni-NTA column. The anti-SecA(nuc) antibody reacted with the purified SecA(nuc), but not with SecA(pt). Similarly, the anti-SecA(pt) antibody y To whom correspondence should be addressed. Tel: +81-48-858-3406; Fax: +81-48-858-3384; E-mail: koumatsu@mail.saitama-u.ac.jp reacted only with the purified SecA(pt) (Fig. 1A) . We prepared C. merolae crude lysate by disrupting cells by sonication, followed by centrifugation. With the antibodies, single bands were detected in the C. merolae crude lysate at near 100 kDa for SecA(nuc) and near 90 kDa for SecA(pt) (Fig. 1B) . Because the calculated molecular weight of full-length SecA(nuc) is 113 kDa, we concluded that SecA(nuc) probably exists as a processed form excluding the transit peptide. The calculated molecular weight of the processed form was 104 kDa. These results indicate that the antibodies do not cross-react between SecA(nuc) and SecA(pt). The data also indicate that both SecA proteins are expressed in C. merolae.
We have observed that SecA(nuc) shows significant ATPase activity at high temperatures while SecA(pt) does not. 11) To examine the effects of growth temperature on the expression of SecA(nuc) and SecA(pt), we measured the SecA proteins in crude lysate prepared from cells cultivated at 30, 40, and 50 C. The amount of SecA(nuc) increased to 3.7 times at high temperatures (40 and 50 C) over that at a low temperature (30 C). The amount of SecA(pt) increased only slightly with the increase in temperature, indicating only a small effect of temperature on the expression of SecA(pt) (Fig. 1C) .
To estimate the molar ratio of SecA(nuc) to SecA(pt) in the cells, we determined the amount of each SecA protein in the crude lysate by comparison with dilutions of the purified SecA proteins using ImageJ software. The amount of SecA(nuc) was almost equal to that of SecA(pt) at low temperature (30 C) (molar ratio 1.2). At high temperatures (40 and 50 C), the amounts of SecA(nuc) were 2.5-2.6 times those of SecA(pt). Based on data we reported previously, 11) the ATPase activity ratio of SecA(nuc) to SecA(pt) at 30 C was calculated to be 0.1 and that at 40 C to be 0.3, while the activity ratio at 50 C was calculated to be 22. These results suggest that SecA(nuc) has a significant role at high temperatures (above 40 C). In plant cells, SecA proteins participate in protein translocation into the thylakoid membranes and the lumen, 13) and fractionation of cell extracts has indicated that the SecA of plants localizes predominantly in the chloroplasts. 14) We have found that GFP fused to the transit peptide of SecA(nuc) is targeted to the plastids in onion epidermal cells. 11) To confirm that in C. merolae, SecA(nuc) and SecA(pt) localize in the chloroplast, we analyzed the subcellular localization by immunofluorescence microscopy using the two SecA antibodies. C. merolae cells were fixed with 2% w/v paraformaldehyde and 10% v/v dimethyl sulfoxide in methanol at À20 C. The fixed cells were treated with the SecA antibody at 30
C for 3 h, and were treated with secondary antibody conjugated to Alexa Fluor 488 for C was set to 1, were estimated using ImageJ software (counts under the images). Amounts of SecA(nuc) and SecA(pt) were determined by comparison with dilutions of the purified SecA proteins. Molar ratios at the various temperatures were estimated. 1 h. After the cells were washed, fluorescence derived from Alexa Fluor 488 was observed with an Eclipse TE2000-U microscope (Nikon, Tokyo, Japan). The position of chloroplast was determined by merging the intrinsic fluorescence of the chlorophyll and the phase contrast images. When the cells were treated with antiSecA(nuc) or anti-SecA(pt) antibody, fluorescence derived from Alexa Fluor 488 conjugated with anti-rabbit IgG secondary antibody was clearly observed in the chloroplast ( Fig. 2A-C) . The extremely faint fluorescence detected in the untreated cells can be accounted for as intrinsic fluorescence of the chloroplast (Fig. 2D) . Fluorescence was consistently observed in the chloroplast ( Fig. 2A) , indicating that SecA(nuc) localizes to the chloroplast. Indeed, SecA(nuc) was detected in a chloroplast-enriched fraction of fractionated C. merolae extracts (Fig. 2E) . For fractionation of C. merolae, the cell membrane was disrupted in a hypotonic medium using a French press, and then the chloroplasts were isolated by density gradient ultracentrifugation. The isolated chloroplasts were washed twice to remove cytosolic proteins, and enrichment of the chloroplasts in the fraction was confirmed by microscopy. 15) In some cells, dot-like fluorescence was observed for SecA(nuc) and SecA(pt) (Fig. 2B, C) . Merged images revealed that one to three dots occurred in a single chloroplast (Fig. 2F) .
We observed detailed localization of SecA(nuc) in the chloroplast by immunoelectron microscopy using the anti-SecA(nuc) antibody. For preservation of cell morphology, cells were fixed by freeze substitution after rapid freezing. The cells were frozen rapidly in liquid propane chilled in liquid nitrogen, and then transferred to acetone containing 2% w/v glutaraldehyde at À80 C for 48 h.
16) The fixed cells were embedded in LR White resin and cut into 100-nm sections. Preservation of the morphology of the cells, cultivated at 30 and 50 C, was confirmed by transmission electron microscopy (TEM). The cell morphology, and in particular the membrane shape, was well preserved (Fig. 3A) . The numbers of thylakoid membranes were increased in the cells cultivated at 50 C, as was clearly visible in the cells fixed with 2% w/v osmium tetroxide. Six or seven layers of thylakoid membranes were observed at 50 C, whereas only three layers were observed in the cells . Goat anti-rabbit IgG conjugated to Alexa Fluor 488 was used as secondary antibody. Fluorescence images were observed with an Eclipse TE2000-U confocal laser scanning microscope (Nikon, Tokyo, Japan). Scale bars, 1 mm. E, Detection of SecA(nuc) and SecA(pt) protein in a chloroplast-enriched fraction of fractionated C. merolae extract by Western blot. F, Dot-like fluorescence of SecA(nuc) and SecA(pt) in the chloroplast. Immunofluorescence images using with the various SecA antibodies were merged with phase contrast images. Elliptic pictures in the images represent scheme of C. merolae cells. N, nucleus; C, chloroplast. Scale bars, 1 mm.
cultivated at 30 C (Fig. 3B) . The glutaraldehyde-fixed thin sections were treated with anti-SecA(nuc) antibody and Protein A conjugated to 10-nm gold particles (British BioCell International, Cardiff, UK). Gold labels were observed on the thylakoid membranes all over the chloroplast (Fig. 4A, arrows) . Lower numbers of the gold labels (one to three labels in the chloroplast) were observed in the cells cultivated at 30 C (Fig. 4B) . We counted the number of gold labels per square micrometer. In the chloroplast region, the number at 50 C was 4 times more than at 30 C, consistently with the assumption that gold labels represent the localization of SecA(nuc), which increased up to 3.7-fold at the high temperatures. The number in the chloroplast region was 4 times more than in the other regions at 50 C, confirming that SecA(nuc) localizes to the chloroplast (Fig. 4C) . Assembly of the gold labels was observed in some cells cultivated at 50 C ( Fig. 5A and B, and enlarged images, 5C and D). This probably corresponds to the observation of dot-like fluorescence by immunofluorescence microscopy.
In summary, we found strong evidence that both of the SecA proteins localize in the chloroplast, and that the expression of SecA(nuc) increases at high temperatures. Significantly higher ATPase activity of SecA(nuc) at high temperatures we have previously reported, 11) and the increase in the expression level leads us to suggest that SecA(nuc) has an important role at high temperatures. The increase in the numbers of thylakoid membranes at high temperature and the observation that SecA(nuc) localizes to the thylakoid membranes are consistent with this suggestion. SecA(pt) showed little ATPase activity and only a slight increase in expression level at high temperatures, but showed significant ATPase activity at low temperatures.
11) Hence we propose that SecA(pt) has a more significant role at low than at high temperatures. This is the first report to indicate the subcellular localization and divergent variation in expression with changes in temperature of the two SecA proteins. The results we report here provide clues to the elucidation of the physiological significance of the two SecA homologs in plants. 
